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INTRODUCTION 
More attention has been given to cation uptake mechanisms of 
root systems than to the concurrent process of anion uptake, even 
though such major nutrient elements as nitrogen, phosphorus, and 
sulfur ordinarily enter the root as anions. Short-term experiments 
with excised roots provide valuable information about ion uptake 
and accumulation by plant roots 2. Excised roots often lend them- 
selves better to the determination of uptake rates than when intact 
plants are employed, since the complicating influence of stems and 
leaves is eliminated. 
When excised roots are placed in a single salt solution, the 
cationic and anionic components are usually absorbed at different 
rates resulting in rapid pH changes which, if not controlled, could 
greatly influence the uptake mechanisms 5. H o a g l a n d  and 
B r o y e r  2 observed that anion absorption may be markedly ac- 
celerated by a lowering of the pH of the medium and cation ab- 
sorption by increasing the pH. Van den H o n e r t  and H o o y m a n s 3  
clearly demonstrated the profound influence of pH on the rate of 
NOa- absorption by maize roots, and this has been confirmed by 
other workers. 
A procedure for close control of pH in cation-uptake studies, 
involving periodic additions of an anionic exchange resin in the 
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OH- form, was recently reported by P a r r  and N o r m a n  v. This 
paper is an extension of this principle to studies on the uptake of 
an anion such as NO3- by excised barley roots. 
METHODS 
Preparation and treatment o/ excised roots 
Excised  ba r l ey  roots  (Hordeum Vulgate L., var .  At las  54) f rom 6-day-old  
seedlings were used t h r o u g h o u t  th i s  s tudy .  The  m e t h o d  of cu l tu re  a n d  t r ea t -  
m e n t  was  exac t ly  as descr ibed  b y  P a r r  and  N o r m a n  7 in which  ba r l ey  
seedlings were g rown in mass  cu l tu re  in  a n  ae ra t ed  so lu t ion  of 7.5 × 10 -a M 
CaSO4 a n d  2.5 × 10 -5 MgSO4. Af te r  excision, t he  roots  were r insed  severa l  
t imes  w i t h  cold dis t i l led w a t e r  and  t he  excess w a t e r  r e m o v e d  in a baske t  
centr i fuge.  F r e s h  we igh t  samples  (7.5 g) of roo t  ma te r i a l  were p laced  in 
po lys ty rene  vessels c o n t a i n i n g  200 ml  of e i the r  KNO3 or Ca(NOd)2 a t  concen-  
t r a t i ons  r a n g i n g  f rom 5 × 10 -4 N to 2 X 10 -a N. Solut ions  were ae ra t ed  
con t i nuous ly  t h r o u g h  special  man i fo lds  f i t t ed  w i t h  0.015-inch I. D. poly- 
e thy lene  tub ing .  
I n  one series of expe r i m en t s  invo lv ing  t he  a b s o r p t i o n  of NOa-  f rom 
Ca(NO3)~ solut ions,  t he  exchange  si tes on t h e  roots  were in i t ia l ly  s a t u r a t e d  
w i th  Ca ++ b y  p r e t r e a t m e n t  for 10 m i nu t e s  in a so lu t ion  of 5 × 1 0 - 4 M  
CaSO4. Af ter  be ing  al lowed to d ra in  for one minu te ,  and  w i t h o u t  r insing,  t h e  
root  samples  were t r a n s f e r r e d  to t he  Ca(NO~)z solut ions  to  beg in  the  NO~-  
a b s o r p t i o n  s tudy.  T he  jus t i f i ca t ion  for th i s  p r e t r e a t m e n t  will be discussed 
later .  
Smal l  samples  of t h e  a m b i e n t  solut ions  were w i t h d r a w n  per iodical ly  dur ing  
t he  a b s o r p t i o n  per iod to d e t e r m i n e  the  r a t e  of N O a - - u p t a k e .  All expe r imen t s  
were conduc t ed  a t  25°C. 
Preparation and ~se o/ resin /or control o/ pH 
The  p H  of sal t  so lu t ions  in these  expe r imen t s ,  unless  o therwise  specified, 
were m a i n t a i n e d  close to  5.5 dur ing  the  a b s o r p t i o n  per iod  b y  periodic 
add i t ions  of smal l  m e a s u r e d  vo lumes  of ana ly t i ca l  grade  Amber l i t e  J R - 1 2 0  
(sulfonic acid type) ,  suppl ied  in t he  H + form b y  the  R o h m  and  Haas  C o m p a n y  
Ph i lade lph ia ,  Pem~sylvania .  Pr io r  to use t he  resin was t h o r o u g h l y  washed  
w i th  dist i l led w a t e r  and,  a f te r  r epea t ed  wash ing  and  se t t l ing  to  r emove  f iner  
par t ic les ,  t he  bead  d i a m e t e r  of t he  resin r anged  f rom 0.45 to 0.60 mm.  
The  res in  was used in a mois t  s t a t e  a f te r  excess wa te r  had  been  r e m o v e d  
on  a B u c h n e r  funnel .  The  capac i ty  of t he  resin to  lower t he  p H  of var ious  
n i t r a t e  sal t  so lu t ions  r ang i ng  in c o n c e n t r a t i o n  f rom 5 × 10 -4 N to  2 × 10 -~ 
N, in t he  absence  of roots,  was  d e t e r m i n e d  b y  obse rv ing  t he  sh i f t  in p H  af te r  
successive add i t ions  of 0.05 cc mois t  resin.  Af ter  each add i t i on  an  equili- 
b r a t i o n  per iod  of 30 m i nu t e s  was allowed. All p H  changes  were followed w i t h  
a B e c k m a n  Zeromat ic  p i t  meter .  
T h r o u g h o u t  t h e  abso rp t ion  per iod  p H  was m a i n t a i n e d  nea r  5.5 b y  add i t i on  
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,of small increments of resin directly to the bottoms of the containers after 
gently pulling the roots to one side. ~Vith 7.5 g of roots in 200 mI of Ca(NOa)2 
solution 2 or 3 resin additions, each about 0.015 g dry weight, were effective 
in providing pH control during a 6-hour absorption period. 
Nitrate determinations 
The up*ake of NO~- by excised roots was determined by the difference 
between the initial and final NO3- concentration of the ambient solutions 
using the phenoldisulfonic acid method 4. Color densities were read in an 
Evelyn cotorimeter at 420 m~. 
RESULTS AND DISCUSSION 
The initial experiments were conducted with different nitrate 
salts, involving both monovalent and divalent cations, in order to 
determine the extent of the pH changes in the presence of excised 
roots, without pH control. In the case of four divalent salts (Ca, Mg, 
Sr, Ba) the pH trend was quite similar and is typified by the Ca 
(NO3)2 curve in the upper portion of Figure 1. On placing the 
excised roots in the salt solutions, an initial rapid downward de- 
flection in pH occurred, due mainly to an immediate adsorption of 
the cationic component by exchange sites on the roots 6. The 
downward deflection from the initial solution pH of 5.5 was complete 
in 15 to 20 minutes and after a short stationary period lasting for 
5 to 10 minutes a steady increase in pH was observed. This increase 
in pH continued for all the divalent salts throughout the rest Of the 
absorption period, suggesting a more rapid rate of NO-3 uptake 
than of the cationic component. Similar observations have been 
reported by H o a g l a n d  and B r o y e r  2 
In the case of the monovalent salts (Na, K, NH4), the trend was 
somewhat different and is typified by the KN03 curve in the upper 
portion of Figure 1. The rapid initial downward pH deflection was 
somewhat greater than in the divalent salt solutions and continued 
longer. In the monovalent salt solutions a minimal pH value of 4.3 
was attained after about one hour and maintained at that  level, 
indicating approximately equal rates of absorption of the anionic 
and cationic components at that  pH. 
The pH changes in these systems can be overcome to a large 
extent  by using small root samples in large volumes of salt solution, 
i.e. smaller root-to-solution ratios 5; however, this necessitates root 
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ashing to determine ion uptake. A higher root-to-solution ratio 
allows the determination of ion uptake directly by following the 
depletion of the ion in solution. 
These observations of pH trends made it evident that  divalent 
nitrate salts would be preferable in controlled pH experiments at 
rather high root-to-solution ratios, because after the initial down- 
ward deflection due to ion exchange adsorption on roots, there was 
a progressive upward trend with time. An effective control procedure 
would then allow experiments to be carried out within physio- 
logically desirable pH limits. When Ca(N03)2 was used during the ab- 
sorption period, the initial downward shift in pH was effectively 
minimized by a 10-minute pretreatment of the excised roots with 
5 × 10-4 M CaS04. Although the exchange sites on the root are 
at least partially satisfied by Ca++ and Mg ++ from the salt solutions 
used in the root-culture procedure, without this pretreatment there 
was an initial deflection from pH 5.5 to 4.8 (Fig. 1, upper curve) ; 
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Fig. 1. Upper portion: Changes in p H  as a result  of unequal  rates of absorpt ion 
of the anionic and cationic components  of two ni t ra te  salts by  excised bar ley  
roots. Lower portion: Control  of p H  during salt  absorpt ion by  excised barIey 
roots. Roots  pre t rea ted  wi th  5 × 10 .4 ~'~/CaSO4 for 10 minutes,  and p H  of 
solutions main ta ined  close to 5.5 by  two addit ions (R) of Amberl i te  exchange 
resin IR-120  H +. 
All exper iments  involved  7.5 g roots, fresh weight,  in 200 ml 2 × 10-~ N 
ni t ra te  solution at  25°C for 6 hours. Each  point  is the  mean  of 4 replicates.  
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but if the exchange sites were virtually saturated with Ca ++ , the 
minimum reached was only 5.35 (Fig. 1, lower curve). Since SO4 = 
apparently does not compete with NOa- for specific active sites 
during the absorption process 1 the smMl amount of residual S04- 
left on the roots after pretreatment does not interfere with subse- 
quent NOa- absorption. 
In controlled-pH studies, therefore, pretreatment of excised roots 
with CaS04 was practiced, followed by periodic additions of Am- 
berlite IR-120 H + to  check the upward shift in pH. In our studies 
we have used the resin procedure successfully for control of pH of 
solutions ranging from 5 to 7. The lower curve of Figure 1 shows the 
effectiveness of this resin to control pH within rather narrow limits. 
Differences in pH between replicates controlled by resin did not 
exceed 0.2 pH units at any time. In the NOa--uptake studies 
reported here with 2 × 10-a N Ca(NO3)2, the pH was maintained 
near 5.5. using the resin procedure and excellent reproducibility 
was observed between replicates as shown in Table 1. In these 
experiments pH was effectively controlled at 5.5 with two small 
resin additions, each about 0.015 g dry weight, during a six-hour 
period. The lower curve of Figure 1 illustrates that  the resin functions 
as an effective buffer in which the exchange between the H + of the 
resin and the excess Ca ++ of the solution extends over a substantial 
period of time. 
The effectiveness of pH control on the course of nitrate uptake by 
excised barley roots from a 2 × 10 3 N Ca(NOa)2 solution is shown 
in Table 1. As the pH increased in the uncontrolled solutions the 
uptake rate declined so that  at 6 hours the cumulative uptake was 
only 77 per cent of that  from solutions that  were maintained near 
pH 5.5. This difference developed largely in the final two hours 
during which period the pH of the two series diverged markedly. 
T A B L E  1 
Effect  of pH  cont ro l  on n i t r a t e  u p t a k e  b y  excised ba r l ey  roots .  7.5 g roots ,  fresh 
weight ,  in  200 ml 2 × I0 a N Ca(NO3)2.4H~O a t  25°C for 6 hours  
Mi l l igrams of n i t r a t e  absorbed  * and  p H  read ing  Hofirs after 
s t a r t  of u p t a k e  pH control led  wi th  resin I No p H  cont ro l  
2 0.86 ± 0.04 (5.40) I 0.85 ± 0.02 (5.65) 
4 1.70 ~ 0.10 (5.40) 1.58 := 0,06 (5.90) 
6 3.70 £- 0.08 (5.35) 2.86 ± 0.02 (6.40) 
* Mean and  s t a n d a r d  dev i a t i on  of 4 rep]icates ,  w i th  p H  values  in paren theses .  
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There are several advantages in the use of resin for the control 
of pH. It provides for the control of pH by  addition of H + without an 
accompanying anion which might interfere with the absorption of 
the anion under study. In the present studies attempts to control pH 
with H2S04 were rather unsuccessful since very dilute solutions had 
the effect of diluting the NOa--concentration, while more concen- 
trated HIS04 caused very abrupt deflections. The resin method 
allows anion uptake studies to be conducted at high root-to-solution 
ratios with the distinct advantage of permitting a direct determi- 
nation of anion ab3orption by noting differences in anion concen- 
tration between initial and final ambient solutions. 
SUMMARY 
I n  t h e  i n v e s t i g a t i o n  of  N O 3 -  u p t a k e  b y  e x c i s e d  roo t s ,  p H  of  s a l t  s o l u t i o n s  
c a n  be  e f f e c t i v e l y  c o n t r o l l e d  b y  p e r i o d i c  a d d i t i o n s  o f  a c a t i o n  e x c h a n g e  res in ,  
A m b e r l i t e  I R - 1 2 0 ,  in  t h e  H + f o r m .  T h i s  m e t h o d  of  p H  c o n t r o l  p r o v i d e s  for  
t h e  a d d i t i o n  of  H + to  s y s t e m s  w i t h o u t  a n  a c c o m p a n y i n g  a n i o n  w h i c h  m i g h t  
i n f l u e n c e  t h e  a b s o r p t i o n  of N O a - .  T h e  r e s i n  a p p e a r e d  t o  p r o v i d e  a f a v o r a b l e  
b u f f e r i n g  c a p a c i t y  d u r i n g  a n  e x t e n d e d  p e r i o d  a n d  t h e  m e t h o d  w a s  e s p e c i a l l y  
u s e f u l  for  N O 3 -  u p t a k e  s t u d i e s  c o n d u c t e d  a t  h i g h  r o o t - t o - s o l u t i o n  r a t i o s .  
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